Abstract-We developed an ultra-wideband radar operating over the frequencies from 2 to 18 Ghz. We used this system in conjunction with a plane-wave illuminator to perform radar scattering measurements over bare and snow-covered saline ice. We made these measurements over saline ice grown in an outdoor pond at the U.S. Army Cold Regions Research and Engineering Laboratory, Hanover, NH. We collected radar data over incidence angles from 0" to 50" in conjunction with measurements of surface roughness, snow properties and ice structure.
retums were about 10 dB higher than those from the air-snow interface. Our results also show that scattering from bare saline ice is dominated by ice surface at frequencies lower than about 10 Ghz and incidence angles less than about 30". We also determined angular and spectral r e s p s e s for smooth bare. snow-covered and pancake ice. For pancake ice the scattering coefficient at 30" increased from -22 at 2 GHz to about -10 at 15 GHz. Over incidence angles from 0" to 30" at 5.5 Ghz, the scattering coefficient decreased by about 30 dJ3 for pancake ice, and by about 45 dB for bare and snowcovered ice.
We also compared data f" laboratory observations with field m m m e n t s made during the International Arctic Ocean Experiment in 1991. For pancake ice the average scattering coefficient from laboratory observations is within 1 dB of field observations. This shows that simulation of pancake ice in the laboratory is successful. research was to determine primary scattering mechanisms by measuring both radar scattering signatures in conjunction with detailed observations of surface and volume characteristics of the ice under study. The radar measurements reported here are a small part of a multidisciplinary investigation aimed at developing forward and inverse scattering models for interpreting remotely sensed data in terms of the geophysical parameters of sea ice [ll.
We performed the backscatter measurements reported here with an ultra-wideband radar consisting of an antenna operated in the near field to simulate plane waves. We utilized the concept of a compact antenna range to simulate plane waves 121. We collected data on smooth bare and snow-covered saline ice, and pancake ice. We acquired radar data in conjunction with measurements of surface roughness, salinity, temperature and internal structure of the ice as well as measurements of snow including thickness, grain size and density. We collected data over the frequency range from 2 to 17 Ghz over incidence angles from 0" to 50" with both W and HH polarizations.
The results from our experiments show that scattering from bare saline ice is dominated by surface scatter at frequencies less than about 10 Ghz and incidence angles less than 30".
We also observed that scattering from snow-covered saline ice is about 3 dJ3 higher than that for bare saline ice at 30" at 5 Ghz.
In this paper we provide a brief summary of the system used for data collection, the experiments and their results, and the conclusions based on these results.
SYSTEM DESCRIPTION INTRODUCTION
During the 1994 and 1995 winter seasons we performed microwave scattering measurements over simulated sea ice at the U.S. Army Cold Regions Research and Engineering Laboratory (CRREL), Hanover, NH. The primary god of our To accomplish our objective of identifying the primary scattering mechanisms, we needed a system with fine-range resolution to resolve signals from different depths of ice and provide exceptional angular resolution to estimate accurately the scattering response. W e dewAoped M ultra-wideband radar using an HP 8722C Vector Network A n a l p operated as a step-frequency radar. The software for the system was developed such that start and stop frequencies and the number of discrete frequency steps can be selected by the operator. We used a 42-inch offset-parabola operated in the near field to simulate plane waves. During the 1994 experiments the antenna feed we used was a broadband (2 to 18 Ghz) TEM horn and optimized the feed location to obtain plane-wave illumination at about six feet from the reflector. During 1995, we used a bow-tie strip-slot line feed capable of operation over the frequencies between 500 Mhz and 18 Ghz. We normally operated the radar over a bandwidth of 16 Ghz and with a step size of 10 Mhz. We calibrated the radar at the end of each data run using an 8-inch metal sphere. 
EXPERIMENT DESCRIPTION
During the 1994 winter season we performed measurements over bare saline ice and snow-covered saline ice with snow thickness of about 7 cm. We collected data at incidence angles between 0" and 30" with W polarization at a minimum of four spots. We also collected data to determine the probability density functions at 0" incidence by collecting more than 100 independent samples. During the 1995 winter season we collected data on bare saline ice and pancake ice over incidence angles between 0" and 50" with W and HH polarizations. We also acquired data at 0" incidence to obtain probability density functions for both types of ice. Pancake ice was simulated by using a motor-driven paddle to produce wave action in an outdoor pond as frazil ice formqtion comm e n d .
RESULTS
The data collected using the plane-wave system are Fourier transformed to obtain relative power received as a function of range. Fig. 1 shows sample results for bare and snow-covered saline ice as a function of range. The wide bandwidth coupled with plane-wave illumination allowed us to determine uniquely the relative contributions of snow, and ice surface and volume to the backscattered signal. The retum from the air-snow interface is about 30 dI3 lower than that from the snow-ice interface. This indicates that incidence angles near vertical scattering from snow-covered ice are dominated by the snow-ice interface for saline ice. scattering coefficient decreased by about 35 dB over the same angular region. The angular behavior of the measured scattering response and model simulations indicate that backscatter from saline ice is dominated by ice surface at frequencies less than about 10 Ghz and incidence angles less than about 30".
We also measured radar backscatter coefficients from the pancake ice grown at CRREL with the wideband, plane-wave system over the 500-MHz to 16.5-GHz frequency range.
Measurements were made at incidence angles from 0" to 50"
at four independent spots on the pancake ice sheet. Fig. 3 shows a' for W polarization and 5.5 GHz is a function of incidence angle. We also show data at 35' from field measurements made during the International Arctic Ocean Experiment (IAOE) for pancake ice. We paformed backscatter measurements on pancake ice growing in leads during the transit phase of IAOE. The average a' from the IAOE data, along with maximum and minimum measurements (as extended bars), are shown in this figure. These measurements indicate that the simulated pancake ice has backscatter characteristics that are similar at 35" to pancake ice observed in the Arctic. Fig. 4 shows the scattering coefficient as a function of frequency for pancake ice. In general, scattering at all incidence angles increased with frequency. 
CONCLUSIONS
The use of plane-wave illumination and ultra wideband allowed us to determine experimentally the relative mtributions to the backscattered signal and the scattering response of smootb surfaces. The results from our experiments indicate that the backscattered signal from saline ice is dominated by contributions from the ice surface at frequencies less than about 10 Ghz at incidence angles less than 30". The pancake ice results from experiments at CRREL compare favorably with those from field ObservatiOnS, indicating that pancake ice simulation has been successful.
